The amino acids in the placenta have multiple functions; however, the therapeutic effects of proline remain poorly for relief postmenopausal symptoms. The aim of present study was to evaluate the effects of proline in the treatment of menopause using in vitro and in vivo models. We assessed the therapeutic effects and regulatory mechanisms of proline by using MCF-7 estrogen-dependent cells, MG63 osteoblast cells, and ovariectomized mice model. An in vivo study was carried out in eight-weekold sham and ovariectomized group. The ovariectomized mouse was further subdivided into two groups administered orally with 17b-estradiol or proline (10 mg/kg/day) for eight weeks. Proline significantly increased cell proliferation and Ki-67 levels in MCF-7 cells and enhanced cell proliferation, alkaline phosphatase activity, extracellular signal-regulated kinase phosphorylation, and glutamyl-prolyl-tRNA synthetase activation in MG63 cells. The estrogen receptor-b and estrogen-response elements luciferase activity were significantly increased by proline in MCF-7 and MG63 cells. In ovariectomized mice, oral administration of proline (10 mg/kg/day) for eight weeks significantly reduced body and vaginal weights. Proline also significantly increased serum estradiol and alkaline phosphatase levels, whereas serum luteinizing hormone was decreased by proline. In addition, detailed microcomputed tomography analysis showed that the proline notably enhanced bone mineral density, trabecular bone volume, and trabecular number in ovariectomized mice. Those findings implied that proline can be a promising candidate for the treatment of menopause.
Introduction
Menopause was characterized as the permanent cessation of woman's reproductive ability and is induced by significantly hormonal changes such as estrogen deficiency in women. 1 Although women experience it typically during their late 40s or early 50s, nowadays, menopause can happen at any age. 2 Most of the menopausal women suffer from abnormal vaginal bleeding, bone loss, headache, weight gain, hot flashes, vaginal and urinary symptoms, agitation, forgetfulness, and mood changes. 3 These symptoms negatively impact on overall quality of life. Furthermore, it caused osteoporosis and heart disease. 4 Hormone replacement therapy (HRT) has been mostly used to modulate menopausal symptoms. However, alternative therapies such as botanical and dietary supplements are still being sought as a substitute for pharmacological HRT because of the high risk of adverse side-effects such as thromboembolic events, breast cancer, vaginal bleeding, and heart attack during and after menopause. 5 The placenta is a vital organ with the role of allowing protein, vitamins, minerals, and nutrient uptake, and antibody provisions to the developing fetus in a mother's womb. 6, 7 The placenta and its extract have been used as folk remedies for menopausal symptoms in Asian countries, because placental extract contains a wide range of bioactive components molecules including hormone, cytokines, chemokines, amino acids, steroids, fatty acids, nucleic acids, and growth factors. 8 Several studies have been reported that placenta has immune modulation, wound healing, antiaging, postpartum depression, and cellular regeneration properties. [9] [10] [11] Recently, Han et al. 12 reported that amino acids are active ingredients of the porcine placenta. The amino acids in the placenta are so called phytohormones and have multiple functions, such as antioxidant, fuel provision, energy homeostasis, immune responses, recovery, development and growth. 13 Arginine, lysine, and carnitine are very effective on menopausal symptoms such as hot flushes, osteoporosis, and weight loss. 14, 15 However, proline which is a major amino acid found in the placenta remains poorly defined as potential therapeutic agents for relief postmenopausal symptoms. Here, we report the effects of proline on estrogen-dependent cell line, osteoblast cell line, and the ovariectomized (OVX) menopausal mice model.
Materials and methods

Materials
Proline, dimethyl sulfoxide (DMSO), and 17b-estradiol were purchased from Sigma chemical Co. (St. Louis, MO, USA). Antibodies of antiextracellular signal-regulated kinase (ERK) and antiphosphorylated ERK (pERK), glutamyl-prolyl-tRNA synthetase (EPRS), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Dulbeco's Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco BRL (Grand Island, NY, USA). Proline was dissolved in distilled water and filtered with 0.22 mm syringe filter. 17b-Estradiol was dissolved in DMSO, filtered with 0.22 mm syringe filter, and prepared at a dose of 100 nM.
Cell culture
Michigan Cancer Foundation (MCF)-7 human breast cancer cell line and MG63 osteoblast-like cell line were purchased from Korean Cell Line Bank (KCLB Õ , Seoul, Republic of Korea) and were cultured in culture dishes in DMEM containing 10% FBS and 1% penicillin/streptomycin at 37 C under 5% CO 2 and 95% humidity.
Bromodeoxyuridine (BrdU) assay
The growth rates of both MG63 and MCF-7 cells were measured using a colorimetric immunoassay based on the measurement of bromodeoxyuridine (BrdU) incorporated by DNA synthesis (Roche Diagnostics GmbH, Mannheim, Germany).
MTT assay
Cell viability was determined by a 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 100 ml of cells suspension (1 Â 10 4 cells/well) was cultured in 96-well plates after pretreatment with proline. The MTT solution (5 mg/ml) was added, and the cells were incubated at 37 C for 4 h. After washing the supernatant out, the insoluble formazan product was dissolved in DMSO. Then, the optical density was measured using an ELISA reader at 540 nm.
Quantitative real-time PCR analysis
Total RNA was isolated from MCF-7 cells or MG63 cells according to the manufacturer's protocol using an easy-BLUE TM RNA extraction kit (iNtRON Biotech, Republic of Korea). The cDNA was synthesized using the commercial cDNA synthesis kit (Bioneer Corporation, Daejeon, Republic of Korea). Quantitative real-time polymerized chain reaction (PCR) was performed using a SYBR Green master mix and the detection of mRNA was analyzed using an ABI StepOne real-time PCR system (Applied Biosystems, Foster City, CA, USA). Data were normalized to house-keeping gene GAPDH. Primers were as follows: GAPDH (5 0 TCG ACA GTC AGC CGC ATC TTC TTT 3 0 ; 5 0 ACC AAA TCC GTT GAC TCC GAC CTT 3 0 ), estrogen receptor (ER)-b (5 0 TTC CCA GCA ATG TCA CTA ACT T3 0 ; 5 0 TTG AGG TTC CGC ATA CAG A 3 0 ); Ki-67 (5 0 ATA AAC ACC CCA ACA CAC ACA A 3 0 ; 5 0 GCC ACT TCT TCA TCC AGT TAC 3 0 ). Typical profile times used were the initial step, 95 C for 10 min followed by a second step at 95 C for 15s and 60 C for 30s for 40 cycles with a melting curve analysis. The level of target mRNA was normalized to the level of the GAPDH and compared with the control. Data were analyzed using the ÁÁCT method.
Alkaline phosphatase (ALP) assay
The MG63 cells were plated at a density of 3 Â 10 5 cells/well in 24-well plates. Proline (10 mg/ml) was added and cultured for 24 h. Activity of alkaline phosphatase (ALP) was evaluated according to the manufacturer's instructions (Abcam, Cambridge, UK).
Western blot analysis
Samples were extracted from cultured MG63 cells. For whole cell extracts, the collected cells were then lysed in an ice-cold RIPA buffer containing 1% protease inhibitor cocktail (Sigma). The sample was centrifuged at 12000 g for 10 min at 4 C and collected. The protein concentration was measured by the modified Bradford assay (Bio-Rad, Hercules, USA), and then the proteins were separated through 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes. Next, the membrane was blocked with 5% skim milk in PBS-tween-20 for 2 h at room temperature and probed with primary antibodies against ERK, pERK, EPRS, and GAPDH (dilution 1:1000; SantaCruz, Cambridge, USA); overnight at 4 C followed by the incubation with the corresponding horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. The signal was detected using an enhanced chemiluminescence reagent (Amersham Co., Newark, NJ, USA) following the manufacturer's instructions.
Transient transfections and estrogen-response element (ERE) luciferase reporter assay
The reporter gene estrogen-response element (ERE)-TATA-Luc was constructed using the enhanced luciferase reporter gene. For the transfection, we seeded MCF-7 and MG63 cells (1 Â 10 7 ) in a 100 mm culture dish. We then used Lipofectamine TM 2000 purchased from Invitrogen (Carlsbad, CA, USA) to transiently transfect pERE-TATA-Luc and pSV40-Luc reporter gene constructs into each MCF-7 and MG63 cells. To measure the luciferase activity, we used a luminometer 1420 luminescence counter purchased from Perkin Elmer (Waltham, MA, USA) in accordance with the manufacturer's protocol. The relative luciferase activity was defined as the ratio of firefly luciferase activity to renilla luciferase activity.
Experimental animals
Female Balb/c mice (seven-week-old) were purchased from Dae-Han Experimental animal center (Eumsung, Chungbuk, Republic of Korea). Animals were kept for a week with free access to water and chow and then maintained at a temperature of 22 AE 1 C and a relative humidity of 55 AE 10% under a 12:12 light/dark cycle throughout the study. All protocols for animals were approved by the institutional animal care committee of Kyung Hee University (KHUASP (SE)-14-024). For the study, mice were OVX. Mice were randomized into the following groups: nontreated group, OVX group, OVX þ 100 nM 17b-estradiol group, and OVX þ proline (10 mg/kg/day). Proline or 17b-estradiol was administered orally for eight weeks. The body weight was measured weekly from the beginning to the end of the administration. At the end of experiment, blood samples were collected. The dissected bones were fixed with 10% formaldehyde.
Analysis of serum
The levels of serum ALP, 17b-estradiol (Invitrogen, Carlsbad, CA, USA), and luteinizing hormone (LH, Abcam, Cambridge, UK) were analyzed according to the manufacturer's instructions.
Microcomputed tomography (mCT)
The 2D/3D information on bone geometry was provided by microcomputed tomography (mCT) according to previous study. 16 
Statistical analysis
All data were checked for normality using the Shapiro-Wilk test. In vitro data are shown as mean AE standard error mean (SEM) from at least three independent experiments performed in duplicates or triplicates. A power analysis in serum estradiol levels was used to estimate the required sample size for in vivo study. We set G power to calculate the sample size needed for a two independent sample t-tests. Sample size (type I error 0.05; power 99.89%) was based on results from a pilot study, and in vivo data are represented as the mean AE SEM. A value of P < 0.05 was regarded to be statistically significant.
Results
Proline increased cell proliferation and Ki-67 mRNA expression in MCF-7 cells
We first studied the effect of proline on proliferation of MCF-7 cells, an estrogen-dependent cell line. Treatment of 17b-estradiol significantly increased the cell proliferation compared with the untreated cells. Treatment of proline (0.1, 1, 10 mg/ml) also significantly increased the cell proliferation in a dose-dependent manner (Figure 1 (a), P < 0.05). To assess the mechanism of increased growth of MCF-7 cells, Ki-67 mRNA expression (a marker for cell proliferation) was evaluated. The high proliferation rate of MCF-7 cells is associated with the high nuclear Ki-67. Proline or 17b-estradiol also significantly increased the mRNA expression of Ki-67 ( Figure 1 
Proline increased cell proliferation, ALP production, and ERK and EPRS activation in MG63 cells
We investigated the proliferative effect of proline on osteoblast cell line, MG63. For this purpose, MG63 cells were incubated with various doses of proline (0.1, 1, and 10 mg/ml) or 17b-estradiol for 48 h and then BrdU assay was performed. Treatment of 17b-estradiol significantly increased the cell proliferation compared with the untreated cells. Proline induced a significant dose-dependent increase (Figure 2(a) ). Proline at higher levels (11.5 mg/ml) also increased the cell proliferation compared with the untreated cells (Figure 2 (b), P < 0.05) but decreased the cell proliferation at 23 mg/ml. A maximal effect of proline was seen at 11.5 mg/ml (Figure 2(b) ). Cytotoxicity was not observed at doses of 0.1, 1, 5.8, 10, 11.5, and 23 mg/ml of proline (Figure 2(c) ). Next, we evaluated the cell-associated ALP activity, which is a marker of bone differentiation. As shown in Figure 2(d) , 17b-estradiol significantly increased the ALP activity. In cultures treated with proline for 24 h, ALP activity was significantly increased (Figure 2(d) , P < 0.05). Estrogen rapidly phosphorylates the mitogenactivated protein kinases, ERK. We showed that proline or 17b-estradiol increased phosphorylation of ERK in MG63 cells (Figure 2 (e), P < 0.05). Proline regulates cell proliferation by stimulating the activity of EPRS. 17 We also showed that proline increased activation of EPRS in MG63 cells (Figure 2(f) ).
Proline increased ER-b mRNA expression and ERE luciferase activity in MCF-7 and MG63 cells
The effect of proline on the expression of ER-b mRNA was monitored in MCF-7 and MG63 cells. After treatment of MCF-7 or MG63 cells with proline (10 mg/ml) or 17b estradiol, mRNA levels were measured by real-time PCR. ER-b mRNA levels were up-regulated by proline or estradiol treatment compared to the untreated cells. (Figure 3 (a), P < 0.05). Proline also significantly increased the ERE luciferase activity in MG63 and MCF-7 cells (Figure 3 (b), P < 0.05).
Effect of proline on body, vaginal, and uterus weights
Estrogen is important modulator of body weight. We determined the estrogenic activity of proline using OVX mice as a menopausal model system. Figure 4(a) represents the time-course changes in body weight for eight weeks. OVX mice showed higher body weight than sham controls (Figure 4(a) , P < 0.05). Administration of proline or 17bestradiol to OVX mice significantly decreased the body weight gain compared with the OVX mice (Figure 4(a) , P < 0.05). After eight weeks of treatment, the changes of vaginal and uterus weight were observed (Figure 4(b) ). Vaginal and uterus weights after OVX were decreased compared with the sham controls. However, 17b-estradiol treatment maintained vaginal and uterus weight comparable to that of the sham controls (Figure 4(b) and (c), P < 0.05). Proline also significantly increased vaginal weight but not uterine weight (Figure 4(b) and (c)). 
Effect of proline on levels of estradiol and LH in the serum
In the OVX mice, the level of estradiol was statistically decreased in comparison with the sham controls ( Figure 5(a) , P < 0.05). Administration of proline or 17bestradiol tended to increase the serum estradiol level ( Figure 5(a) , P < 0.05). OVX mice resulted in a marked increasing serum LH levels ( Figure 5(b) , P < 0.05). However, treatment of OVX mice with proline (10 mg/ml) or 17b-estradiol resulted in significant suppression of serum LH levels ( Figure 5(b) , P < 0.05).
Effect of proline on bone parameters
The OVX mice had significantly lower serum ALP levels than the sham control group. Proline or 17b-estradioltreated mice significantly increased the serum ALP levels compared with the OVX mice ( Figure 6(a) , P < 0.05). The OVX mice had remarkably reduced bone mineral density (BMD), trabecular bone volume (BV/TV), and trabecular number (Tb. N) ( Figure 6 (b) to (d), P < 0.05). Compared with the OVX mice, proline or 17b-estradiol groups showed significant increase of these parameters ( Figure 6 
Discussions and conclusions
This is the first report verifying the estrogenic efficacy of proline in the treatment of menopause in vitro and OVX animal models. Oral administration with proline for eight weeks could significantly relieved the menopausal symptoms induced by estrogen decline, suggesting that proline is another supplementation option in treating menopausal symptoms. Proline is required for the multiple biochemical and physiological actions in cells. 18 It was recently reported that porcine placenta containing proline have therapeutic value in treating osteoporosis in OVX rats. 12 Furthermore, Vadlamudi et al. 19 reported that a novel human protein containing proline acts as a co-activator of the ER pathways. Proline is also associated with higher BMD value at the lumbar spine. 20 In the present study, proline shows the estrogenic agonistic effects on MG-63 osteoblasts, MCF-7 cells, and OVX mice.
To evaluate the estrogenic effects of proline, we used an estrogen-dependent cell line derived from human breast tumor, MCF-7 cells. This cell line is well-known as ER positive and is widely used as experimental models for menopausal symptoms. 21 Our results showed that proline significantly increased the cell proliferation and Ki-67 mRNA expression in MCF-7 cells, suggesting that proline acts as a functional estrogenic ligand in MCF-7 cells.
Osteoporosis is the most common disease in women after menopause and caused by an imbalance between activity of osteoblasts and osteoclasts. BMD contributing bone fragility is reduced through decreasing proliferation and mineralization of osteoblast. 22 Thus, we evaluated the effect of proline on the proliferation and differentiation of MG63 cells, which is generally used for the treatment of postmenopausal osteoporosis. 23 As shown in this study, proline is capable of promoting proliferation of osteoblasts. ALP, a classical biomarker of early stage of osteoblast differentiation, is required for the initiation of bone mineralization. 24 In our results, we revealed that proline significantly increased the ALP activity in MG63 cells, showing beneficial effects on cell differentiation. The ERK signaling pathway is required for proliferation, differentiation, and survival of osteoblast cells. 25 Furthermore, Chu et al. 17 reported that proline plays an important role in cell proliferation by binding EPRS. In this report, we also demonstrate that proline enhanced the phosphorylation levels of ERK and activation of EPRS. The results of the present study clearly confirm our speculation that proline induces the cell proliferation via the activation of the ERK and EPRS pathway.
ER signaling is a key factor to promote the bone growth and bone remodeling. 26 There are two subtypes of ERs, usually referred to ER-a and ER-b, which are expressed during osteoblast differentiation by the link with estrogen. Several studies reported that both ER-a and ER-b is co-linked to osteoporosis and BMD. 27 Therefore, ERs may be a possible molecular target for treating menopausal symptoms. In the present study, we showed that proline up-regulated the expression of ER-b mRNA in MG63 and MCF-7 cells. Also, proline increased the ERE luciferase activity in both cells. These results indicated that estrogenic activity of proline in MG63 and MCF-7 cells is mediated via the ER signaling pathway.
OVX is a widely used standard surgical procedure for the study of menopausal symptoms and postmenopausal osteoporosis, because OVX animals are characterized by reduced ovarian function and cancellous bone mass and strength. 27 Estrogen, a reproductive hormone, is important in the maintenance body weight and estrogen deficiency following menopause is a serious cause of obesity in females. 28 Thus, it is important to inhibit body weight Figure 5 Effects of proline on production of estradiol and LH in serum in the OVX mice. Proline (10 mg/kg) or 17b-estradiol was orally administered daily for eight weeks. Serum levels of (a) 17b-estradiol and (b) LH were measured at the end of the treatment period as described in the Materials and methods section. #P < 0.05; significantly different from the sham control mice. *P < 0.05; significantly different from OVX mice gain to maintain a healthy life in postmenopausal women. Kolta et al. 29 reported that treating OVX mice with estradiol prevented the development of obesity. In our study, OVX mice showed a significant increase in body weight, which was also observed in other studies in comparison with the sham controls. 30, 31 However, proline showed a significant decrease in body weight. Furthermore, proline also restored the vaginal weight decreased by OVX. OVX mice produced a marked reduction in serum estrogen concentrations, because estrogen is synthesized in the testis, adrenal gland, or ovary. 3, 28, 32 The present study showed that proline increased serum estrogen levels. This result suggests that proline may stimulate the biosynthesis of estrogen. The serum level of LH is a marker of estrogenic effect. 33 Proline seems to be effective in suppressing the production of LH. Another characteristic of menopausal symptoms is bone loss. ALP is a serum biomarker for bone formation in vivo. 34 As shown in our data, ALP levels were decreased in OVX mice. However, ALP levels were elevated in proline treated group compared with the OVX group, indicating that proline is capable of promoting osteoblast differentiation. Estrogen deficiency also plays an important role in bone loss of postmenopausal women. 34 The current investigation compared the long-term efficacy of 17b-estradiol and proline in enhancing bone mass in OVX mice. OVX mice are characterized by an osteopenia in the proximal tibia. 35 Administration of proline significantly restored the levels of BMD, BV/TV, and Tb.N. Therefore, proline appears to be very effective for inhibiting bone resorption and improving bone formation.
Estrogen has been widely used for relief of menopausal symptoms. However, it causes serious side-effects such as breast cancer and lupus erythematosus. 36, 37 Amino acids such as glycine and glutamine are key factors for regulating menopause. 38 Furthermore, food supplements such as dietary soy isoflavones decreases menopause-induced osteoporotic bone loss. 39 In the present study, proline showed osteogenic and estrogenic activities in vitro and in vivo experimental models, suggesting proline as an alternative instead of estrogen therapy during menopause. However, further study is also necessary to evaluate the side-effect of nutritional therapy including proline.
In conclusion, this is the first report to provide the evidence to support the use of proline as a potent agent for 
